Abstract | Chronic distal symmetrical sensory peripheral neuropathy is a common neurological complication of cancer chemotherapy, HIV treatment and diabetes. Although aetiology-specific differences in presentation are evident, the clinical signs and symptoms of these neuropathies are clearly similar. Data from animal models of neuropathic pain suggest that the similarities have a common cause: mitochondrial dysfunction in primary afferent sensory neurons. Mitochondrial dysfunction is caused by mitotoxic effects of cancer chemotherapeutic drugs of several chemical classes, HIV-associated viral proteins, and nucleoside reverse transcriptase inhibitor treatment, as well as the (possibly both direct and indirect) effects of excess glucose. The mitochondrial injury results in a chronic neuronal energy deficit, which gives rise to spontaneous nerve impulses and a compartmental neuronal degeneration that is first apparent in the terminal receptor arbor-that is, intraepidermal nerve fibres-of cutaneous afferent neurons. Preliminary data suggest that drugs that prevent mitochondrial injury or improve mitochondrial function could be useful in the treatment of these conditions.
Introduction
The most common chronic distal symmetrical sensory peripheral neuropathies are associated with diabetes, cancer chemotherapy, and pharmacological therapy for HIV. Although the neuropathies linked to these conditions differ in their details, they share general similarities; for example, they all begin with sensory symptoms in the feet. Typically, the patient reports numbness and dysaesthesias (tingling sensations) in affected regions. Despite the numbness, a large percentage of patients also report neuropathic pain, which is generally described as burning, pricking, or a sensation of 'pins and needles' . Patients with pain also display hypersensitivity to cold and tactile stimuli, including both hyperalgesia and allodynia. Motor function in the same areas as the sensory symptoms is usually unaffected, except for symptoms referable to impaired proprioception. Sensory nerve conduction can seem either normal or abnormal (slowed latency and/or reduced amplitude of the potential), and nerve biopsies might reveal axonal degeneration in some patients. Staining of a skin punch biopsy with the pan-neuronal marker PGP9.5 often reveals a loss of intraepidermal nerve fibres (IENFs), which are the sensory terminal arbors of somatosensory afferent neurons ( Figure 1 ). [1] [2] [3] [4] [5] In this Review, we discuss the evidence for the hypothesis that mitotoxic effects on somatosensory afferent neurons are the fundamental cause of the chronic distal symmetrical sensory peripheral neuropathies associated with cancer chemotherapy, HIV therapy and diabetes. In addition, we explore the implications of this hypothesis for the treatment and prevention of distal symmetrical sensory peripheral neuropathies.
The mitotoxicity hypothesis
Initial evidence from CIPN Studies of cancer chemotherapy-induced peripheral neuro pathy (CIPN) in experimental animal models gave rise to the mitotoxicity hypothesis, which posits that the fundamental cause of this form of chronic peripheral neuropathy is a toxic effect on mitochondria in primary afferent somatosensory neurons. [6] [7] [8] [9] According to the mitotoxicity hypothesis, the mitochondrial insult leads to a chronic energy deficit in the neurons that causes abnormal spontaneous discharges and compartmental degeneration in somatosensory primary afferent neurons ( Figure 2 ).
The mitotoxicity hypothesis does not specify the exact mechanisms whereby different chemotherapeutic agents cause mitochondrial injury; the mechanisms are probably agent-specific. Instead, the hypothesis posits that mitochondrial injury is a final common pathway that accounts for the similar clinical presentations of CIPN associated with chemotherapeutic agents of diverse chemical classes (such as taxanes, vinca alkaloids, platinum-complex agents and proteasome inhibitors). The mitotoxicity hypothesis resolves a striking paradox: similar neurological symptoms are observed despite diverse anticancer mechanisms of action, for example, binding to β-tubulin for the taxanes and vinca alkaloids, formation of platinum adducts between DNA bases or bases and proteins for the platinum-complex agents, and inhibition of protein processing for the proteasome inhibitors. Moreover, these anticancer mechanisms target rapidly dividing cells, which do not include primary afferent sensory neurons. An obvious extension of this idea is that mitochondrial injury is also the final common Key points ■ Experiments in animal models of chronic distal symmetrical sensory peripheral neuropathies have demonstrated mitochondrial dysfunction in primary afferent sensory neurons ■ The mitochondrial dysfunction manifests as a cellular energy deficit, and has been linked to the emergence of spontaneous discharges and compartmentspecific degeneration beginning with the terminal receptor arbor of the afferent neurons ■ Although the mitotoxic mechanisms differ according to aetiology, the consequences of the energy deficit are consistent and account for the similarity of symptoms across conditions ■ According to the mitotoxicity hypothesis, drugs that protect or restore mitochondrial function could aid the prevention and treatment of chronic distal symmetrical sensory peripheral neuropathies; preliminary data support this prediction pathway that accounts for the general similarity of all distal symmetrical sensory peripheral neuropathies.
It is important to note that some chemotherapeutic agents produce multiple kinds of peripheral neuropathy. For example, oxaliplatin produces dysaesthesias in the face and sometimes hands (but not in the feet); this effect has a very rapid onset (sometimes beginning during the initial drug infusion) and resolves within days. 10 Moreover, paclitaxel produces a syndrome of aching pain that is usually localized to proximal joints; these symptoms also occur very early in the course of treatment and abate within days. 11 The dysaesthesias associated with oxaliplatin treatment are probably due to an action of the oxalate salt on axonal sodium channels, 10 but the cause of the pain associated with paclitaxel treatment is unknown. These acute syndromes are distinctly different from the chronic distal symmetrical conditions considered here.
Spontaneous neuronal discharges
Abnormal spontaneous discharges in primary afferent neurons have been documented in patients with various types of peripheral neuropathy. 12 Single-fibre recordings from sensory axons in both animals and humans show that discharges are usually minimal or absent in the absence of stimulation. However, in animals with painful peripheral neuropathies induced by paclitaxel,
Clinical symptoms
Bilateral sensory disturbance in hands and feet marked by: ■ Numbness ■ 'Pins-and-needles' sensation ■ Burning sensation ■ Hyperalgesia (hypersensitivity to noxious stimuli) ■ Allodynia (pain sensation as a result of normally non-noxious mechanical stimuli)
Preclinical and clinical markers
Epidermal nerve bre density Spontaneous discharge in primary afferent sensory neurons Figure 1 | Clinical symptoms and biomarkers of chronic distal symmetrical sensory peripheral neuropathy. Patients with distal symmetrical sensory peripheral neuropathy due to cancer chemotherapeutic treatment, HIV and nucleoside analogue reverse transcriptase inhibitor therapy, or diabetes complain of similar sensory disturbances: numbness combined with a dysaesthetic sensation of pins-and-needles and/or burning pain, along with allodynia and hyperalgesia. These sensory abnormalities appear in both of the feet, or in both the feet and the hands. Skin punch biopsy often reveals a significant loss of sensory axons from the epidermis (intraepidermal nerve fibres), even in cases where electrodiagnostic studies are normal.
vincristine or oxaliplatin, about 15% of sensory A fibres and 20-35% of sensory C fibres display spontaneous discharges that have an irregular pattern and a low frequency (around 1.0 Hz). 13, 14 Spontaneous discharges in A fibres and C fibres are likely to evoke spontaneous sensations, which will be painful if the fibres are nociceptors, and dysaesthesic if the fibres are low-threshold mechanoreceptors. The site of origin of the spontaneous discharges has not been established, but they are most likely to originate in axons affected by IENF degeneration.
Spontaneous discharges might be a consequence of mitotoxicity-induced energy deficiency. Sodium ions continuously flow into neurons, and the Na + /K + pump must, therefore, operate continuously to maintain membrane polarization; this process accounts for about 50% of neuronal energy consumption. 15 Our research group has proposed that a spontaneous discharge arises when localized ion-pumping insufficiency leads to depolarization that crosses the threshold for impulse initiation. 16 Depolarizations would consequently arise at loci corresponding to aggregations of functionally impaired mitochondria. Mitochondrial positioning within the axon is in constant flux, so that discharges would be initiated sporadically and at variable locations. This process would lead to the observed irregular discharge pattern.
Somatosensory neurons with damaged axons have altered expression of voltage-gated sodium channel subtypes, which could also contribute to the generation of spontaneous discharges. Emerging evidence indicates that polymorphisms and mutations in sodium channel subtype genes may be predisposing factors for spontaneous discharges and pain. 17, 18 Axonal degeneration IENF loss has been found in patients with forms of distal symmetrical peripheral neuropathy associated with chemotherapy, diabetes, idiopathic small fibre neuropathy with and without glucose intolerance, and HIV treatment. [19] [20] [21] [22] [23] IENF loss in these patients can be present despite normal nerve conduction 21 and peripheral nerve axon counts. 24 These observations suggest that IENF loss is the earliest sign of axonal pathology. A simple relationship between the extent of IENF loss and measures of sensory deficit and pain might be expected; however, the real situation is highly complex. 25 IENFs originate from subepidermal nerve fibre bundles. Individual axons leave the bundle, traverse the epidermal basal lamina, and branch within the epidermis, where they show axonal and terminal varicosities that comprise the receptor organs. 26 Electron microscopy studies in paclitaxel-treated rats with peripheral neuro pathy have shown that degeneration is restricted to IENFs; no degeneration occurs in the parent axons immediately below the epidermal basal lamina. Similarly, no activation of ATF3, a nuclear protein that is a standard marker of axonal injury, has been observed in the sensory neuron cell bodies in the dorsal root ganglia (DRG). 26 These observations suggest that these forms of peripheral neuropathy represent compartment-specific degeneration, wherein the IENFs are particularly vulnerable to mitochondrial dysfunction.
Different neuronal compartments (cell bodies, axons, synaptic boutons) have independent mechanisms of degeneration and different thresholds for response to toxins. The IENF compartment is likely to have a distinctly low threshold for mitotoxic insult. Mitochondria are concentrated in locations with high energy demands, and IENF varicosities are packed with mitochondria. Moreover, the epidermis is continuously renewing itself, and the birth of new keratinocytes and the sub sequent upwards migration and flattening of preexisting keratino cytes results in a constant remodelling of the intercellular spaces through which the IENFs must travel. IENFs accommodate these changes by an ongoing process of remodelling involving fibre retraction (degener ation), followed by advancement (regeneration). This process is energetically costly, which is a probable reason for the uniquely high vulnerability of IENFs to energy deficiency. 26 It is important to note that if parent axons in the peripheral nerve are intact, even extensive IENF degeneration cannot be detected by nerve conduction studies, because both stimulation and recording are done at loci proximal to the IENF.
In patients receiving chemotherapy, the exposure to mitotoxic effects is relatively limited because the emergence of neuropathy prompts dose reduction or discontinuation. However, situations can be envisaged in which prolonged exposure to a mitotoxin (for example, in patients receiving HIV therapy or in those with diabetes, discussed below) results in crossing of the degeneration threshold for the next most susceptible compartment (the parent axon in the peripheral nerve), with the consequence that electrodiagnostic tests are positive and axonal degeneration is apparent in nerve biopsy.
Evidence for mitochondrial dysfunction in CIPN An abnormal incidence of swollen and vacuolated mitochondria in peripheral nerve sensory axons was first + nuclear signalling (a marker of axonal injury) and preservation of peripheral nerve axons. Instead, both preclinical and clinical stages of distal neuropathy are associated with mitochondrial dysfunction that leads to IENF degeneration and emergence of spontaneous discharges. Abbreviations: IENF, intraepidermal nerve fibre; RNS, reactive nitrogen species; ROS, reactive oxygen species.
noted in rats with paclitaxel-induced painful peripheral neuro pathy; 6 the same feature was subsequently demonstrated in peripheral nerves of rats with painful peripheral neuro pathy induced by vincristine, oxaliplatin or bortezomib, 7, 9, 14, [27] [28] [29] and in the lumbar DRG of paclitaxel-treated rats. 30 The effect is exclusively axonal: no mitochondrial structural abnormalities are present in either the myelinating Schwann cells that surround A fibres or the nonmyelinated Schwann cells that surround C fibres. Moreover, a paclitaxel-induced increase in the incidence of swollen and vacuolated mitochondria is found only in the sensory axons in the dorsal roots, not in the motor axons of the ventral roots, which is consistent with the presence of sensory pathology and absence of motor pathology. 14 Mitochondrial energy production depends on the maintenance of a proton gradient across the mitochondrial inner membrane. This inner membrane is disrupted when the mitochondria swell and vacuolatea process that has been linked to functional impairment. Experiments in ex vivo preparations of sciatic nerve axons from rats with painful peripheral neuropathy induced by paclitaxel, oxaliplatin or bortezomib show significant deficits in maximally stimulated complex I-mediated and complex II-mediated mitochondrial respiration, and corresponding ATP production deficits. 8, 9, 29 These deficits can be detected before the emergence of pain and IENF degeneration, and are chronic, persisting for at least 3 weeks after the last drug exposure. The respiration deficits are not corrected by the addition of cytochrome c, suggesting that the respiration deficit is not caused by the release of mitochondrial cytochrome c, which is a hallmark of apoptosis. Moreover, the deficits are not accompanied by a decrease in levels of the mitochondrion-specific enzyme citrate synthase, suggesting that the mitotoxi city damages but does not kill mitochondria. In paclitaxel-treated rats, the deficits in mitochondrial function are found in dorsal root sensory axons, but not in ventral root motor axons, which is again consistent with the presence of a sensory neuropathy without a motor component. 14 The deficits are present by 7 days after the initiation of drug treatment (before the development of statistically significant hypersensitivity to painful stimuli and IENF loss) and persist for 3-4 weeks after cessation of chemotherapy, which is the time of peak hypersensitivity to painful stimuli and IENF loss. 8, 9, 26 If the neuropathic pain is a consequence of mitochondrial dysfunction, then increasing dysfunction should increase the pain. Indeed, with mitotoxin dosing protocols that have no effect on pain sensitivity in control animals, mitotoxin treatment significantly worsens mechano-allodynia and mechano-hyperalgesia in paclitaxel and oxaliplatin models of CIPN. Administration of oligo mycin-a mitotoxin that inhibits ATP synthase -at the same dose observed to worsen pain rapidly increases the frequency of abnormal spontaneous discharges in both A fibres and C fibres, indicating a close link between mitochondrial dysfunction, spontaneous discharges, and pain hypersensitivity. 7 However, contrary to the mitotoxicity hypothesis, intradermal injections of inhibitors of mitochondrial respiratory complexes and ATP synthase reduce mechano-hypersensitivity in rats with vincristine-induced peripheral neuropathy. 31 The reason for this discrepancy is unknown.
HIV-related peripheral neuropathy
HIV-related peripheral neuropathy has two wellestablished causes-exposure to viral proteins and nucleoside analogue reverse transcriptase inhibitors (NRTIs) 4 -the effects of which are independent, but undoubt edly interact. Viral proteins have been shown to preferentially damage large Aβ-fibre myelinated primary afferent axons that convey touch and proprioceptive information, whereas NRTIs preferentially damage small myelinated Aδ fibres and nonmyelinated C fibres that convey temperature and pain information. 32 Electron micrographs of sensory (sural) nerve biopsies from zalcitabine-treated patients with HIV with distal symmetrical painful peripheral neuropathy (before the era of highly active antiretroviral therapy [HAART]) revealed a large increase in the incidence of swollen and vacuolated mitochondria in myelinated and nonmyelinated axons, as well as in Schwann cells. The incidence of abnormal mitochondria was greater in untreated patients with HIV than in uninfected controls, and was accompanied by a 20-fold decrease in mitochondrial gene copy number. 33 The researchers who conducted this study were the first to recognize that mitotoxicity might be the cause of distal symmetrical sensory peripheral neuropathies in general.
When compared with HAART-treated HIV patients who do not have neuropathy, HAART-treated HIV patients with neuropathy have a significant increase in the incidence of a common mitochondrial DNA mutation (mtDNA 4977 , which represents a deletion of 4,977 bp) that results in impaired mitochondrial function. 34 This difference is present in the distal (ankle) sural nerve but not in the lumbar DRG. A significant decrease in sural nerve levels of the mtDNA-encoded enzyme subunit, cytochrome c1, is also found. Assuming that mitochondria are made in the cell body and transported down the axon, mitochondria in the distal nerve would be older, have greater mtDNA 4977 accumulation and, thus, be more vulnerable to HIV-related mitotoxic factors than are mitochondria in the proximal nerve and lumbar DRG. This hypothesis is attractive, because it might also account for the peculiar fact that peripheral neuropathies are generally more common in tall people. 34 The reader should, however, note that we currently do not know whether mitochondria in distal nerves really are constructed in the DRG and then transported down the axon. The presence of ribosomes in the axon 35 supports the possibility that mitochondria might divide and then grow in situ via local protein synthesis guided by mRNA transported from the cell body.
HAART-treated monkeys infected with simian immuno deficiency virus have decreased levels of mtDNAencoded COX-1-a catalytic subunit of mitochondrial respiratory complex IV-and increased levels of oxidized and nitrated proteins in the distal sural nerve, but not in the proximal sciatic nerve. Moreover, mitochondria isolated from the sural nerve of these animals had increased sensitivity to Ca 2+ -evoked swelling. 34 The relative contributions of virus-related and treatment-related factors to the observations reported in this study are, however, unknown. The HAART protocol used to treat these monkeys included the nucleotide analogue reverse transcriptase inhibitor tenofovir, which (unlike NRTIs) is not known to be neurotoxic or mitotoxic.
Viral proteins
Three HIV proteins, gp120, Tat and Vpr, are known to be neurotoxic, and possibly mitotoxic. 36 These proteins have very diverse direct and indirect effects on neuronal function. Acute exposure to gp120, applied directly to a nerve, produces a painful peripheral neuropathy in rats. 37 This neuropathy is not accompanied by demyelination or degeneration of axons at the application site, but IENF degeneration does occur. 38 In addition, gp120 evokes the release of inflammatory cytokines from immune cells, causing secondary neuronal damage. 39 In vitro experiments show that gp120 causes axonal degeneration via a direct effect independent of its action in the cell body, and this degeneration follows activation of the mitochondrial caspase-dependent apoptotic pathway. 40 It should be noted that although mitochondria orchestrate the apoptotic pathway, apoptosis is distinct from the mitochondrial dysfunction (and the resulting bio energetic deficit) proposed by the mitotoxicity hypothesis. We are not aware of any evidence that gp120 has a direct mitotoxic effect in neurons.
Injection of Tat into mouse cortex results in swelling and vacuolation of neuronal mitochondria, 41 and cultured CNS neurons briefly exposed to Tat have several mitochondrial abnormalities. 41, 42 The mitotoxic effects of Vpr are also well established in several cell types. This protein binds to adenine nucleotide translocator and voltage-dependent anion channels, which induces mitochondrial swelling, loss of the mitochondrial membrane potential, and release of cytochrome c. 43 Vpr also decreases expression of several mitochondrial proteins, 44 reduces ATP production, and increases oxidative stress. 45 We are not aware of any studies that have examined the effects of Tat or Vpr on somatosensory primary afferent neurons.
NRTIs
NRTIs prevent viral gene replication by blocking viral DNA polymerase. However, replication of the 37 genes that constitute the mitochondrial genome requires the mitochondria-specific enzyme DNA polymerase γ, which is also blocked by NRTIs. 46 Expression and replication of mitochondrial genes are essential to oxidative phosphorylation and ATP synthesis; thus, chronic interference with DNA polymerase γ will substantially impair energy production.
Only certain NRTIs, most notably didanosine, stavudin and zalcitabine, have mitotoxic effects on primary afferent sensory neurons. Other NRTIs have mitotoxic effects in different cell types; for example, zidovudine has little or no effect on neurons but has a clinically significant mitotoxic effect on myocytes. Non-nucleoside reverse transcriptase inhibitors (such as efavirenz and rilipivirine) and the nucleotide analogue reverse transcriptase inhibitor tenofovir block viral DNA polymerase but are associated with little or no clinically detectable neurotoxicity. The reason for these differences is unknown.
Addition of NRTIs to cell cultures of neonatal rat DRG causes a loss of mitochondrial membrane potential and cell death, without an effect on Schwann cells. 47 Cell death is not prevented by cyclosporin, indicating that the mitochondrial permeability transition pore is not involved. NRTI exposure also induces mitochondrial structural abnormalities in cultured human neonatal DRG nociceptor cells. 48 These effects are seen with exposures of 3-72 h, raising doubts as to whether an effect on mitochondrial DNA is involved. The rapidity of onset of these in vitro effects is also inconsistent with the 4-6 week interval between initiation of treatment and the clinical onset of NRTI-evoked peripheral neuropathy.
In vivo studies of NRTI-evoked peripheral neuro pathy have also found evidence of mitotoxicity in somatosensory primary afferent neurons. Swollen and vacuolated mitochondria are present in rat DRG neurons after zalcitabine treatment, with the most pronounced effects in small to medium-sized neurons. 49 Decreased levels of subunits of mitochondrial respiratory complex I and ATP synthase are found in the rat sural nerve after a stavudine treatment protocol that also induces pain and IENF loss without degeneration of peripheral nerve axons. 50 Decreased levels of COX-1 are found in cat DRG neurons after exposure to didanosine. 51 Loss of IENFs and selective loss of peripheral nerve C fibres is evident in distal plantar nerves, but not in the proximal sciatic nerve, after administration of neurotoxic NRTIs to mice engineered to express viral protein gp120. 47 This evidence of mitochondrial dysfunction suggests that additional compromise of mitochondrial function should worsen NRTI-evoked symptoms. However, in rats with painful peripheral neuropathy due to zalcitabine (as in the vincristine-treated rats with CIPN, mentioned above), subcutaneous injections of inhibitors of complex I-IV and ATP synthase decrease neuropathic pain at doses that have no effect on pain sensitivity in control animals. 31 The reason for this discrepancy is unknown.
Diabetic peripheral neuropathy
CIPN-induced and NRTI-induced peripheral neuropathies appear within weeks of exposure to a clearly identified toxin. Diabetic peripheral neuropathy is different, and potentially much more complex. First, although type 1 and type 2 diabetes are generally accepted to produce similar or identical distal symmetrical sensory peripheral neuropathies, emerging observations suggest that their underlying mechanisms might be distinct. 52 This point is noteworthy because most of the experimental data were obtained in animals with streptozocin-induced type 1 diabetes. Second, for type 2 diabetes especially, the onset of neuropathy is insidious, and might perhaps occur even before the onset of frank diabetes. 53 The progression of diabetic peripheral neuropathy occurs over several years 3 and has a pattern characteristic of dying-back disease, with symptoms in the feet developing months to years before they appear in the hands. By marked contrast, in CIPN and NRTI-induced peripheral neuropathy, symptoms in the feet and hands sometimes appear simultaneously or-albeit rarely-in the hands before the feet. 26 
Neuronal mitotoxicity in diabetic neuropathy
We hypothesize, as have others, that a mitotoxic effect of excess glucose in somatosensory primary afferent neurons is the fundamental cause of diabetic peripheral neuropathy. 54, 55 High levels of glucose are directly neurotoxic. 56 In addition, long-term exposure to excess glucose produces many effects that might impair mitochondrial function: hypoxia secondary to intra neural micro vascular disease, accumulation of advanced glycation end products, exposure to elevated levels of methyl glyoxal, polyol pathway hyperactivity, disruption of metabolic support from Schwann cells, and abnormal calcium homeostasis. [57] [58] [59] [60] A full discussion of this complex picture is outside the scope of this Review, but we propose that a toxic effect of excess glucose on axonal mitochondria may be the fundamental precipitating factor, and that the other phenomena are contributors to an evolving pathological process.
Evidence for mitochondrial dysfunction in diabetic neuropathy comes mostly from studies in cultured DRG neurons and isolated mitochondrial preparations from these cells, obtained from rats and mice with streptozocin-evoked diabetes. 55, 58 These models show decreased expression of various subunits of mitochondrial respiratory complexes I and IV, and impairment of maximally stimulated respiration. Furthermore, respiratory capacity and the proportion of ATP generated by the electron transport system are decreased. Abnormalities of regulation of mitochondrial membrane potential and depletion of mitochondrial cytochrome c have also been observed. 61 Oddly, although the presence of such abnormalities might be expected to lead to an increase in the production of reactive oxygen species (ROS), levels of ROS have been reported to be unchanged 62 or even decreased. 63 Neuronal energy deficit Cell energy requirements are sensed, in part, by circuits involving AMP-activated protein kinase (AMPK) and peroxisome proliferator-activated receptor coactivator-1α (PGC-1α), which in turn regulate mitochondrial ATP production. The expression of AMPK and PGC-1α is significantly decreased in sensory neurons from rats with streptozocin-induced diabetes and in sensory neurons from diabetic mice carrying the obesity-inducing Lepr db/db gene mutation. 61 In rats with streptozocin-induced diabetes, resveratrol treatment (which would be expected to improve AMPK signalling) reversed the animals' hypoalgesia to heat stimuli and partially restored the diabetes-induced loss of IENFs. 61 Impaired energy production leading to neuronal degeneration might be expected to engage a response from heat shock proteins (Hsp). KU-32, an inhibitor of Hsp90, reverses sensory deficits, improves slowed nerve conduction, and reverses the IENF loss seen in diabetic mice. Moreover, KU-32 treatment reverses the decrease in mitochondrial respiration in DRG neurons from these mice. 64 Prophylactic treatment with ciliary neurotrophic factor protects mice against streptozocininduced diabetic neuropathy, and such treatment also ameliorates the mitochondrial respiration deficit seen in DRG neurons harvested from animals with streptozocininduced diabetes. 65 In Lepr db/db diabetic mice, the number of mitochondria increase in DRG neurons and dorsal root sensory axons, but not in ventral root motor axons; this observation might represent compensation for a decrease in mitochondrial energy production. 66 In summary, the data suggest that in diabetes, sensory neurons are unable to produce enough energy to meet the demand. The results of this energy deficiency would be expected to be the same as those described above for CIPN: spontaneous sensory afferent discharges due to membrane depolarization secondary to inadequate Na + /K + pumping, and degeneration that first appears in the regions of neurons with the highest energy demands, namely, IENFs. Whether mitochondrial dysfunction is primarily due to direct or indirect glucose-induced injury to the mitochondria is unclear. Resolution of this question will be very difficult for many reasons, including doubts about the clinical relevance of streptozocininduced models of diabetes. However, we can hope that investigations of neuropathology and mitochondrial function in genetic models of type 2 diabetes 67 will be able to address the mitotoxicity hypothesis directly.
Implications for therapy
The mitotoxicity hypothesis predicts that drugs that protect or restore mitochondrial energy production ( Figure 3) should be effective for the treatment and prevention of pain and degeneration in distal symmetrical sensory peripheral neuropathies. Several existing drugs might work via mitochondrial mechanisms, and new drugs with mitoprotective actions are under development. Currently, the most promising therapeutic approaches for combating neuropathic pain act by supporting the high metabolic demand associated with mitochondrial respiration and/or by protecting cells from the damage caused by ROS and reactive nitrogen species (RNS).
α-Lipoic acid α-Lipoic acid is an endogenous metabolite with multiple effects on mitochondrial function. This compound is an essential cofactor for key enzymes of the Krebs cycle, and it restores levels of the endogenous antioxidant defence enzyme glutathione peroxidase. In addition, both oxidized α-lipoic acid and its reduced form, dihydrolipoic acid, are themselves potent antioxidants. 68 In animals with CIPN or streptozocin-evoked diabetic neuropathy, α-lipoic acid treatment reverses neuropathic pain and normalizes markers of impaired peripheral nerve mitochondrial energy production. 69, 70 In patients with diabetic peripheral neuro pathy, α-lipoic acid treatment has a long and controversial history. 71 We are not aware of any reports on the effect of α-lipoic acid in patients with HIV or NRTI-evoked neuropathy, but preliminary studies suggest that α-lipoic acid treatment might be effective in CIPN. In rats, α-lipoic acid prevents and reverses the neuro pathic pain induced by bortezomib and oxaliplatin, 72 and a pilot study indicated that α-lipoic acid treatment was associated with improvements in a subset of patients with oxaliplatin-induced neuropathy. 73 Acetyl-l-carnitine Acetyl-l-carnitine is another endogenous molecule that contributes to mitochondrial energy production. Its metabolite, carnitine, is used to transport fatty acids into the mitochondria for β-oxidation, and acetyl-l-carnitine regulates the activities of several Krebs cycle enzymes, contributes to the regulation of mitochondrial membrane lipid composition, enhances glutathione levels, and is itself an antioxidant. 74 In rats with streptozocin-induced diabetic neuropathy, acetyl-l-carnitine ameliorates pain and nerve conduction slowing, and enhances nerve regeneration. 75 In paclitaxel-treated rats, acetyl-l-carnitine reverses established pain, and prophylactic treatment prevents the pain.
6,28 Prophylactic treatment with acetyl-l-carnitine also prevents paclitaxel-induced swelling and vacuolation of mitochondria in primary afferent C fibres (but not in A fibres); however, it does not protect against IENF loss. 28 In rats, a prophylactic dosing protocol that prevents pain induced by paclitaxel, oxaliplatin and bortezomib prevents dysfunction of mitochondrial respiration complex I and II and the associated deficits in ATP production. 8, 9 In patients with diabetic neuropathy, acetyl-l-carnitine treatment reverses pain and loss of vibratory sense, and promotes nerve regeneration. 75 Acetyl-l-carnitine also reverses pain and IENF loss in patients with HIV 76 and improves pain scores and sensory nerve conduction in patients with CIPN. 77 Inexplicably, however, acetyl-lcarnitine treatment worsened CIPN in a large doubleblind, placebo-controlled study in women receiving taxane treatment for breast cancer. 78 
Olesoxime (TRO19622)
The only known mechanisms of action of olesoxime involve binding to two mitochondrial transport proteins, the voltage-dependent anion channel and the 18 kDa translocator protein (also known as the peripheral benzodiazepine receptor).
In rats, olesoxime reverses established paclitaxelinduced pain, and prophylactic treatment significantly reduces pain and IENF loss; prophylactic dosing also significantly reduces oxaliplatin-induced pain. Moreover, Figure 3 | Contribution of nitro-oxidative stress to mitochondrial dysfunction. During mitochondrial respiration, the oxidative phosphorylation pathway produces the proton gradient required for ATP production. Electrons leaking from the electron transport chain react with molecular oxygen to produce potentially damaging O 2 -, which has the potential to generate other reactive oxygen species and-via interaction with NO-peroxynitrite. Under normal conditions, the antioxidant defence system (including MnSOD, catalase, glutathione and glutathione peroxidase) adequately reduces superoxide to water and molecular oxygen; 81 however, if these mechanisms are overwhelmed, formation of peroxynitrite increases. 89 In turn, peroxynitrite induces a bioenergetic deficit by disrupting the activities of metabolic enzymes, mitochondrial electron transport chain proteins, ATP synthase, and membrane transport proteins. 80, 81 Notably peroxynitrite-induced damage to MnSOD creates a feed-forward mechanism for enhancing its own production, thus facilitating the hazardous accumulation of superoxide. 80, 81 Blue lines indicate pathways for the formation of reactive oxygen and reactive nitrogen species, red lines indicate potential targets of peroxynitrite-induced mitochondrial dysfunction. Abbreviations: C, complex; MnSOD, manganese superoxide dismutase; NO, nitric oxide; O 2 -, superoxide ion.
olesoxime reverses established pain in animals with vincristine-induced neuropathy or streptozocin-induced diabetes. 7, 79 The results of the initial clinical trials of olesoxime in patients with CIPN (NCT00876538) and diabetic neuropathy (NCT00496457) have not been announced.
Targeting reactive oxygen and nitrogen species
Under normal conditions of mitochondrial respiration, a small percentage of electrons escape from the electron transport system and react with oxygen to form superoxide anions, which in turn generate other ROS (hydrogen peroxide and hydroxyl radicals), as well as the RNS peroxynitrite ( Figure 3 ). Mitochondrial dysfunction is expected to lead to an increase in the escape of free electrons and, thus, an increase in both ROS and RNS. 80, 81 Importantly, superoxide anions are created within the mitochondrial matrix, and the mitochondrial inner membrane is relatively impermeable to them; consequently, the respiratory complex proteins and ATP synthase within the mitochondrial matrix are exposed to especially high ROS and RNS concentrations. 80, 81 In addition, these reactants can diffuse through the membrane and produce fast and direct damage to proteins in all cellular compartments. 82 The mitochondrial matrix contains several enzymes that defend against nitro-oxidative damage. 80, 81 Importantly, in the presence of high RNS levels, these enzymes are themselves vulnerable to incapacitating nitro-oxidative damage. 80, 81 The result is a positive feedback loop that intensifies injury to the energy production system. In this sense, nitro-oxidative stress can be considered to be both a consequence and a cause of CIPN-induced mitotoxicity.
Reactive oxygen species
Increased production of hydrogen peroxide and decreased synthesis of the mitochondrial antioxidant enzyme glutathione peroxidase have been found in the primary afferent cell body in rats treated with paclitaxel. 30 Paclitaxelinduced allodynia and hyperalgesia are reversed by , act as dual MnSOD mimetics and peroxynitrite decomposition catalysts to eliminate peroxynitrite as well as potentially beneficial superoxide. The newer selective agents, SRI6 and SRI110, eliminate peroxynitrite while sparing superoxide. The charged metal centre of SRI6 is shielded by β-fused cyclohexenyl substituents, rendering it membranepermeable and orally bioavailable. 92 Moreover, the charged electron-withdrawing functionality of other agents such as FeTMPyP 5+ is absent from SRI6, which reduces its MnSOD mimetic activity. 92 SRI110 is also orally bioavailable owing to its electroneutrality. 93 Through a two-electron reduction mechanism, SRI110 reacts with peroxynitrite to produce a manganese (V)-oxo intermediate with concomitant reduction of peroxynitrite to nitrite. 93 The manganese (III) catalyst is then regenerated by endogenous reductants, completing a reductase-type cycle. 93 Abbreviations: MnSOD, manganese superoxide dismutase; NO, nitric oxide; O 2 -, superoxide ion.
REVIEWS
α-phenyl-tert-N-butyl nitrone (PBN), a nonselective ROS blocker, and by 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl, a nonselective superoxide anion scavenger. 83 Moreover, administration of PBN during paclitaxel expo sure prevents the development of hyper sensi tivity to pain. 83 SS-31, a novel antioxidant that localizes within mito chondria, prevents and treats oxaliplatin-induced neuro pathy. 84 Treatment with N-acetylcysteine, itself a potent lipophilic anti oxidant and a precursor to the endo genous anti oxidant, glutathione, prevents pain in rats with streptozocin-induced diabetes and protects the activity of endo genous antioxidant enzymes in animal models of diabetic peripheral neuropathy. 85 Treatment with N-acetylcysteine 86 and glutathione 87 decreases the incidence and severity of neuropathy in patients treated with platinum-complex chemotherapeutic agents.
Reactive nitrogen species
Peripheral nerves harvested from rats with painful peripheral neuropathy induced by paclitaxel, oxaliplatin or bortezomib contain significantly elevated levels of nitrated manganese superoxide dismutase (MnSOD), a key mitochondrion-specific antioxidant enzyme. 29 As a result, MnSOD activity is greatly reduced. Levels of CuZn superoxide dismutase, the cytosol-specific isoform of the enzyme, are not affected. 29 Treatment with the manganese porphyrin MnTE-2-PyP 5+ , a superoxide dismutase mimetic and peroxynitrite decomposition catalyst, prevents and reverses chemotherapy-induced pain symptoms, nitration of MnSOD, the decrease in MnSOD activity, and the chemotherapy-induced deficit in ATP production. 29, 88 Peroxynitrite is generated as a result of interactions between superoxide and nitric oxide; 89 thus, reduction of nitric oxide levels via inhibition of nitric oxide synthase ought to be an effective treatment for CIPN. The nitric oxide synthase inhibitor N G -nitro-l-arginine methyl ester (l-NAME) prevents paclitaxel-induced neuropathic pain. 88 However, l-NAME blocks all nitric oxide synthase isoforms, and selective inhibition of inducible nitric oxide synthase, the isoform associated with pathology, is preferable. Selective inhibitors of inducible nitric oxide synthase have analgesic effects in animal models of post-traumatic neuropathy and are also expected to be effective in distal symmetrical sensory peripheral neuropathies. 90 Peroxynitrite decomposition catalysts, molecules that decompose peroxynitrite as soon as it is formed, are under development as analgesic agents (Figure 4) . Two highly selective peroxynitrite decomposition catalysts can prevent the development of pain in rats treated with paclitaxel, oxaliplatin or bortezomib. 88 
Summary and conclusions
Extensive evidence, mostly from work in experimental animal models, supports the hypothesis that mitochondrial dysfunction in primary afferent sensory neurons is the fundamental causative factor in the chronic distal symmetrical sensory peripheral neuropathies seen in patients receiving cancer chemotherapeutic drugs. Strong evidence also supports mitotoxicity as the cause of the peripheral neuropathy seen in NRTI-treated patients with HIV; however, the evidence for a role for mitotoxicity in diabetic peripheral neuropathy is less clear.
The mechanisms whereby mitochondria are damaged probably differ for CIPN, HIV and diabetes, but the result is the same-a bioenergetic deficit that causes degeneration of IENFs and abnormal spontaneous discharges -which accounts for the similarity of the symptoms. Abnormal spontaneous discharges in C-fibre nociceptors result in increased release of neurotransmitters, including glutamate, in neurons involved in nociception, which evokes central sensitization-a state of hyperexcitability in spinal cord neurons. 91 Of note, mitotoxicity-evoked degeneration is a compartmental phenomenon, and neurons are well known to have compartment-specific mechanisms of degeneration that are engaged at different threshold levels of exposure to toxins. 26 In distal symmetrical peripheral neuropathies, IENFs are the first compartment to succumb, but we have no reason to doubt that increased or prolonged energy deficits will cause degeneration of axons in the peripheral nerve, and perhaps degeneration of the afferent fibres' soma in the DRG. Moreover, the fact that exposure to a mitotoxic chemical can increase pain and spontaneous neuronal discharges within minutes is worthy of note. 7 Such an effect cannot be caused by IENF degeneration, but clearly indicates a link between these discharges and the axonal energy supply.
The mitotoxicity hypothesis predicts that drugs that protect or improve mitochondrial function will be useful treatments for the chronic distal symmetrical sensory peripheral neuropathies themselves, as well as for the accompanying neuropathic pain. Preliminary data support this prediction, but whether these favourable findings can be translated to the clinic remains to be seen.
Review criteria
We searched the PubMed database using the following search terms: "neuron AND mitochondria", "chemotherapy neuropathy AND mitochondria", "HIV neuropathy AND mitochondria", and "diabetic neuropathy AND mitochondria". This search was supplemented by inspection of the reference lists of relevant papers to identify further articles.
